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^ (57) Abstract: The invention provides a method for efficiently generating large numbers of tyrosine hydroxylase (TH) expressing 
^ neural cells for neurotransplantation into a host to treat nearod^eneratiye disease, neurological trauma, stroke, or in other diseases of 
the nervous system involving loss of neural cells, particularly Parkinson's disease. The method comprises introducing a population 
of expanded and plated neural progenitor cells to a defined culture medium comprising one or more growth factors belonging to the 
fibroblast growth factor (FGF) Camily, a molecule which results in the actiration of cyclic AMP (cAMP) dependent protein kinase 
(PKA) and an agent which activates protein kinase C (PKC). 
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NEURAL CELLS EXPItESSING TYROSINE HYDROXYLASE 

FiEiJ> OF THE Invention 

The present invention relates to methods for producing neural cells that express tyrosine 
hydroxylase and compositions relating to the same. 

5 Background OF THE Invention 

CNS disordras include, for example, disease states of the CNS, dysfunction of the CNS 
and acute injuries to the CNS. Alzheimer's disease, Parkinson' s disease, depression, epilepsy, 
schizophrenia, and brain injury, for example, may aU be termed CNS disoniers. As may be 
appreciated, any improvemeait in the treatment of CNS disorders is highly desirable. 

10 Ett that respect, developing dopaminergic neurons originating from aborted human 

embryos have previously been implanted in the brains of patients wifli Parkinson's disease and 
have successfiilly restored fimction (Bjorklund, Novartis Found Symp 2000; 231: 7-15). A 
method of treating CNS disorders with implanted neurons is, therefore, a promising approach 
to the treatment of CNS disorders. However, the logistical and ethical problems associated 

15 with preparing sufficient numbers of well-characterized fetal cells for the large number of 
individuals that need such treatment make this therapeutic approach unrealistic. This 
limitation of fetal cells might be circumvented, however, by the identification of a specific 
neural cell line capable of being expanded in vitro for cell banking. Such a cell line should be 
able to differentiate into cells with a neuronal phenotype sinnlar to the nigral dopaminergic 

20 neurons. Furthermore, the cells should be able to survive, maintain their dopaminergic 
phenotype, and function following transplantation and integration into the striatum. With 
r^pect to grafting such cells into a mammal in need of such treatment, such techniques are 
well known to one of skill in the art (for example. United States Patent Nos. 5,082,670 and 
5,762926, both hereby incorporated by reference). 

25 Continuously dividing multipotent cultures of human neural progenitor cells derived 

from embryonic forebrain tissue remain viable in vitro for at least 35 passages or more than 
350 days (Carpenter, Exp Neurol. 1999 Aug; 158(2): 265-78.). Under senim-ftee conditions in 
the presence of epidermal growth factor (EGF), basic fibiobk^t growth factor (bFGF) and 



wo 02/086106 PGT/DK02/00262 

2 

leukaemia inhibitory factor (UF), these cultures grow as non-adherent clusters 
("neuxospheres")- When plated on a substrate in medium without mitogens, the cells in the 
culture differentiate and have the ability to generate the major phenotypes in the CNS (i.e., 
neurons, astrocytes and oligodendrocytes). The majority of the neurons formed raider these 

5 conditions, however, are immunoteactive for gamma-amino butyric acid (GABA). Only rarely 
are neuronal cells expressing tyrosine hydroxylase (TH) observed (Svendsen, Exp Neurol 1997 
Nov; 148(1): 135-46, Carpenter, 1999). TH expre^on is important because TH catalyze the 
rate-Umiting step in the biosynthesis of dopamine. Specifically, TH utilizes tyKKine, molecular 
oxygen and tetrahydrobiopterin as co-substrates in the formation of 3,4- 

10 dihydroxyphenylalanine (DOPA). Aromatic amino acid decarboxylase (AADC) then converts 
DOPA to dopamine (DA). In noradrenergic cells, dopamine is converted to norepinephrine by 
the enzyme dopamine~P -hydroxylase (DBH). Tlius, cells producing dopamine and 
norepinephrine are both characterized by the expression of TH (and AADC). In contrast, 
adrenergic cells specifically expre^ DBH, which is not expressed in dopaminergic cells. 

15 It is therefore of great inter^t to develop methods which not only aUow the 

differentiation of neural progenitor ceils in vitro, but do so m such a way that maximizes the 
percentage of neuronal cells which express TH. United States Patent No. 5,851,832 (hereby 
incorporated by reference) describes tlie in vitro growth and proUferation of multipotent neural 
stem cells and their progeny. However, as compared witli the techniques described herein, the 

20 methods described therein do not result in a population of neural cells wherein a significant 
percentage of the ceUs are TH expre;i^ng neurons. United States Patent No. 5,980,885 (hereby 
incorporated by reference) d^cribes the growth factor induced proliferation of neural precuKor 
cells in vivo. However, the methods described therein are not directed towards the in vitro 
proliferation of neurons and, as compared with the techniques described herein, do not result in 

25 a population of neural cells wherein a significant percentage of tiie cells are TH expressing 
neurons. United States Patent No. 5,98 1 , 165 (hereby incorporated by reference) describes the 
in vitro induction of dopaminergic cells. However, as compared with the techniques described 
herein, the methods described therein do not result in a population of neural ceUs wherein a 
significant percentage of the cells are TH expressing neurons. United States Patent No. 

30 5,968,829 and the related United States Patent No. 6,103,530 (both hereby mcorporated by 
reference) describe the use of Leukemia Inhibitory Factor in order to increase the rate of stem 
cell proliferation or neuronal differentiation. However, as compared with tihe techniques 
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described herein, the meihods described thateiii do not result in a population of nemral cells 
wherein a significant percentage of the ceOs are TH expressing neurons. Similarly, United 
States Patent Nos. 6,040,180, 6,251,669, and 6,277,820 (all incorporated by reference herein) 
describe methods and uses for neuronal progenitor cells or CNS stem cells. However, as 

5 compared with the techniques described herein, the methods described therein do not result in a 
population of neural cells wherein a significant percentage of the ceUs are TH expressing 
neurons. United States Patent No. 6,312,949 describes cells comprising an exogenous nucleic 
acid Nurrl that induces TH enzyme synth^s within a cell. However, the methods disclosed 
therein are directed to elevated TH expression within an individual cell and are distinguished 

10 from liie meihods described herdn. 

Thus, a need remains in the art for a solution to the known logistical and ethical 
problems of efficiently preparing sufficient numbers of well-characterized dopaminergic cells. 
A possible solution would be the identification of a method for producing a specific neural cell 
line expandable in vitro fcs cell banking. Such a cell hne should be able to efficiently 
15 differeatiate into cdls with a neuronal phenotype similar to the nigral dopaminergic neurons. 
Furtheamore, the ceils should be able to survive, maintain then" dopaminergic phenotype and 
function following transplantation and mtegration into the striatiun. 

Summary of the fervEimoN 

The invention provides a method for the in vitro production of a population of neural 
20 ceHs wherein a significant percentage of those cells express tyrosine hydroxylase (Tll). In that 
respect, the invention provides a method for the in vitro production of neural cells expressmg 
TH. The method comprises expanding neoral progenitor cells usmg grovrth factors and/or by 
immortalization, plating the cdls on a substrate, introducing a defined culture medium 
containing one or more growth fectors belonging to the FGF family, a molecule which gives 
25 rise to an increase in intracellular cyclic AMP (cAMP), and an agent stimulating or capable of 
activating protein kinase C (PKC). The method provides TH expressing cells in significant 
numbers, similar to that observed m fetal ventral mesencephalon cultures (5-20%). It also 
provides cdls in which the expression of TH is stable after removal of the induction medium. 
The invention provides a means for genacalUng large numbers of TH expressing neural cells for 
30 neurotransjAantation into a host in the treatment of CNS disorders, for exan^le, 

neurodegeneratiive disease, neurological trauma, stroke, other neurodegenerative diseases. 
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neurological trauma, stroke, and other diseases of tihie nervoi^ Systran involving loss of neural 
cells, particularly Parkinson's disease. Additionally, the TH expressing cells may be used for 
drug screemng or gene expression analysis as would be apparent to one of skill in the art. 

Brcef Description of the Drawings 

5 HG. 1 depicts cultures of human neural progenitors established from human fetal 

forebrain (10wFBr991013) plated on PLWaniinin coated coverslips inN2 medium containing 
aFGF (100 ng/ml), BDNF (50 ng/ml), forskolin (25 iiiM), TPA (100 nM), dbcAMP (100 pM), 
GDNF (20 ng/ml), IGH (100 ng/ml), IL-la (200 pg/ml). After 3 days incubation, ceUs were 
fixed and immunostained for TH. Representative fields using a 20x objective (upper picture) 

10 and a 40x objective (lower picture) are shown. 

FIG. 2 deplete cultures of human neural progenitors established from human fetal 
forebrain (10wFBr991013) plated on PLIVlaminin coated coverslips in N2 medium containing 
aFGF (100 ng/ml), forskolin (25 pM), TPA (100 nM) and dbcAMP (100 pM). After 3 days 
incubation, ceUs were fixed and immunostained for TH. A representative field using a 20x 
15 objective is shown. 

FIG. 3 deplete cultures of human neural progenitors established from human fetal 
forebrain (10wFBt991013) plated on PLL/laminin coated coverslips in N2 medium containing 

aFGF (100 ng/ml), BDNF (50 ng/ml), forskolin (25 pM), TPA (100 nM), dbcAMP (100 p.M), 
GDKF (20 ng/ml), IGH (100 ng/ml), IL-la (200 pg/ml). After 1,3 and 7 days incubations, 
20 cells were fixed and immunostained for TH and the percentage of TH positive cells were 
quantified 

FIG. 4 deplete cultnres of human neural progenitors established firan human fetal 
forebrain (10wFBr991013) plated on PLl/iaminin coated coverslips in N2 medium containing 
aFGF (100 ng/ml), BDNF (50 ng/ml), forskoKn (25 yM), TPA (100 nM), dbcAMP (100 pM), 
25 GDNF (20 ng/ml), IGFI (100 ng/ml), IL-la (200 p^ml). After 3 days mcubation, the medium 
was changed to N2 medium without any additions. After 3 additional days, cells were fixed 
and immunostained for TH. A representative field i:^ng a 40x objective is shown. 

HG. 5 depicte three electrophoreses. Panel A depicte electrophoresis of PGR products 
ao^lified using specific primers for TH (expected size 342 bp) and cDNA generated by reveKie 
30 transcription of RNA extracted from human neural progenitor ceUs incubated in induction 
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medium for 1 (Tl), 3 (T3) or 7 (T7) days or in 1% FBS for 7 days (F7). Panel B depicts 
dectrophor^s of PGR products amplified using specific primers for AADC (expected size 331 
bp) and cDNA generated by reverse transcription of RNA ejrtracted fi:om human neural 
progenitor cells incubated in induction medium (TH) or 1% FBS (FBS) for 7 days. cDNA 

5 generated from adult human Substantia Nigra mRNA (SN) was included as a positive control 
in Panels A and B. Panel C depicts electrophoresis of PCR products amplified using specific 
primers for DBH (expected size 440 bp) and cDNA generated by reverse transcription of RNA 
extracted from human neural progenitor cells incubated in induction medium (TH) or 1% FBS 
(FBS) for 7 days. cDNA generated from adult human Adrenal Gland (AG) was included as a 

10 positive control in Panel C. 

HG, 6 depicts cultures of human neural progenitors established fmm human fetal 
forebrain (10wFBr991013) plated on PLUlaminin coated covershps in N2 medium containing 
aFGF (100 ng/ml), BDNF (50 ng/ml), forskolin (25 ^M), DA (10 \mi TPA (100 nM), 
dbcAMP (100 ^iM), GDNF (20 ng/ml), IGEI (100 ng/ml), E.-la (200 pg/ml). After 7 days 
15 incubation, cdls were fixed and inraranostained for AADC. A representative field using a 20x 
objective is shown. 

FIG. 7 depicts cultures of HNSC.lOO cells (human neural progenitor cells immortalized 
with v-myc) stained for TH, The HNSC.lOO cells were seeded on glass coverslips coated with 
PLL and laminin in dtEferentiation medium with the following additions: aFGF (100 ng/ml), 
20 BDNF (50 ng/ml), forskoHn (25 (iM), TPA (100 nM), dbcAMP (100 nM), GDNF (20 ng/ml), 
IGEI (100 ng/ml), IL-la (200 pg/ml). After 1 day, cells were fixed and stained for TH as 
described in Exanple 1 . A representative fidd using a 40x objective is shown. 

Detailed Description of the Invention 

Although there are reports in the literature describmg agents curable of affecting TH 
25 expression (as well as more generally affecthig survival and differentiation in both non- 
catecholamine and catecholamine cells), tiie prior art does not provide methods or 
con^ositions for an dEficient induction of TH expression in a growth factor-expanded neural 
culture under defined conditions. 

For example, human CNS stem cells differentiate spontaneously upon removal of 
30 growth factors. However, the predominant neuronal phenotype generated is GAB Aergic 
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(Vescovi, 1999). TH-espressing neurons have been generated in small numbers fix)m 
embryonic forebrain multipotent stem cells by treatment with basic fibroblast growth factor 
(bFGF/FGF2) in combination with a gjial cell contHtioned medium (Daadi, J,Neurosci. 1999 
Jun 1 ■ 19(1 1); 4484-97). TH induction has been achieved in cultures of primary neurons using 
5 acidic fibroblast growth factor (aFGF/FGFl), along with various co-activators such as brain or 
muscle extracts. (Tacovitti, Neuroreport 1997 Apr 14; 8(6): 1471-4). As can be seen, to the 
extent that these methods woie able to produce TH expressing neuronal cells at all, the methods 
were not ejEBcdent. 

lacovitti (1997) was able to induce TH in neurons newly differentiated fixnn NT2 ceUs 
10 derived from a human embryonal carcinoma by treating the ceUs with FGFl and coactivators 
including dopamine (DA), 12-0-etradecanoylphorbol-13-acetate (TP A), 3-isobutyl- 
1-methylxanthine (IB MX) and forskolin. This was not successful in the undifferentiated 
precursors (NT2) derived from a teratocarcinoma. Furthermore, this approach did not induce 
TH when attempted with a number of murine and rodent cell lines, including an 
15 EGF-propagated neural stem/progenitor ceU line grovyn as neurospheres. Carpenter (1999) 
reported generating a few TH-positive cells from human neurospheres with an induction 
protocol using a combination of IL-lb, ILll and GDNF over a period of 20 days, however 
neither quantification nor characterization of these cdls has been published. More recently 
Caldwell et al. (Nat Biotechnol. 2001 May;19(5):475-9) found that multiple factors did not 
20 generate TH-expressing cells from human neurospheres. In conclusion, the efficient and stable 
induction of TH in neural progenitor cells has not been achieved to date using a defined 
medium. 

Methods that are successful for TH induction in primary or differentiated newrons have 
not transferred to neural progenitor cells. The use of cell conditioned media has met with some 
25 success in generating TH-expressing progenitor cells, however, the variable nature and 
unknown content of these media does not lead to readily reproducible results. 

Finally, with respect to the NT2 and other tumorigenic cell lines, TH-expressing cells 
produced fix>m growth factor expanded neural progenitor cells have advantages over TH 
expressing cells generated fix)m NT2 ceUs. Cultures generated from NT2 ceUs are potentially 
30 tumorigenic, in addition they require a long TH induction protocol (6 weeks prediff erentiation 
to neurons followed by 5 days exposure to the TH induction cocktail). The TH-expressing cells 
of the present iavention are distinguished fixmi NT2 cells by being normal, non-tumorigenic 
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cells expanded eatJier by growth factxMrs or by well-defined genetic modification. In contrast, 
NT2 cells are spontaneously immortal, being derived from a metastatic tumor. 

The present invention provides methods for producing a population of neural cells in 
vitro, wherein a proportion or percentage of the cells express tyrosine hydroxylase. In so 

5 doing, the invention provides methods that allow the generation of a significant number of TH 
immunoreactive cells displaying neuronal propaties ficom neural progenitor culture. 
According to the methods of the present invention, in vitro production of neural ceUs 
expressing tyrosine hydroxylase is achieved by exj^mding neural progenitor cells using growth 
factors and/or by immortalization, plating the cells on a substrate, and introducing a defined 

10 culture medium to which has been added: one or mrae growth factors belonging to the FGF 
family; a molecule which gives or results in an increase in intracellular cAMP; and an agent 
stimulating or activating PKC. 

Neural progenitor cells may be obtained firom the adult and developing mammalian 
CNS, preferably firom embryonic brain tissue. They may also be generated ftom embryonic 

15 stem cells. Such techniques as may be required for obtaining neural progenitor cells or for 
generating neural progenitor cells from stem cells are well known to one of skill in the art 
Cultures of neural progenitor cells may be maintained and expanded in the presence of one or 
more growth factors such as epidermal growth factor (EGF), leukaemia inhibitory factor (LIF) 
and FGF2 (Carpenter, 1999) or ciliary neurotrophic factor (CNTF). These cells are self- 

20 renewing, the cells proliferate for long periods in mitogen containing serum free media, and the 
cells, when differentiated, comprise a ceU population of neurons, astrocytes and 
oligodendrocytes. 

Neurosphere cultures generated from human embryonic forebrain have a significant 
expansion potential. When grown in the presence of EGF, bFGF and LIF, cell cultures preserve 
25 their multipotency, remain viable, and are capable of expansion for more than 30 passages (i.e., 
at least one year). This can result in a 10^ fold increase in cell numbers. Theoretically, such 
culttures generated from one or only a few fetuses should be sufficient as supply for 
transplantation of all patimts with Parkinson's disease. 

Neural progenitor cells immortalized by genetic modification may be grown as adherent 
30 cultures or in suspension cultures as "neurospheres" . They may be generated by introduction 
of an oncogene such as vmyc, or by introduction of DNA sequences expressing a telomerase. 
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The neural progenitor cells described herein may be immortelized or conditionally 
immortalized using known techniques. Among the conditional immortalization techniques 
contemplated are Tet~conditional immortalization i^see WO 96/31242, incorporated herein by 
reference), and Mx-1 conditional immortalization (see WO 96/02646, incorporated herein by 
5 reference). A number of immortalized ceU lines with the characteristics of neural 

stem/progenitor cells are d^cribed in the literature. Examples mclude HNSC.lOO (VDla et al., 
2000; Exp. Neurol. 161; 67-84), H6 cells (Flax et al., 1998; Nat. Biotech, 16, 1033-1039) and 
RN33B cdls (Whittemore and White, 1993; Brain Res. 615, 27-40), 

In addition to human embryonic forebrain, netirosphere cultures can also be generated 
10 from other regions of the developing brain including the mesencephalon and spinal cord. 
Although data using rodent tissue indicate that some positional identity (reflected by 
expression of regional markers) is preserved in the primary neurospheres, subculturing seems to 
lead to the generation/selection of a more uniform type of neurosphere and loss of regional 
specificity (Santa-Olalla et al, 2000 Soc. Neurosci. abstract 23.3). Accordingly, the conditions 
15 for TH induction of this mvention can be applied to neurosphere cultures generated from 
sources other than human embryonic forebrain. Such cultures could include those generated 
from the adult human or rodent CNS, or from enibryonic stem cells. The cultures produced by 
the metiiods of the present invention may be trypsinized and reseeded without losing the TH 
expressing cells. This makes such cultures a potentially attractive alternative to ihe fetal 
20 transplants used for implantation in Parkinson' s patients. 

The term "neural stem cell" as used herein refers to an undifferentiated neural cell that 
can be mduced to proliferate using the methods of the present invention. The neural stem cell 
is capable of self maintenance, meaning that, with each cell division, one daughter ceil wiH also 
be a stem cell. 

25 The term "neural cell" as used herein refers to neurons, including dopaminergic neurons 

as weU as glial cells, including astrocytes, oligodendrocytes, and microglia. 

The term "expanding" is used mterchangeably with "proliferating" and as used herem it 

means cultivation of cells. 

The term "progenitor celt" as used herein refers to any cell that can give rise to a 
30 distinct cdl Hneage tiirough ceil division. For example, a neural progenitor cell is a parent cell 
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that can give rise to a daughter cell having characteristics similar to a neural cell. A neural 

progenitor cell may be the non-stem cell progeny of a neural stem cell. 

The term "population" as used herein in the conte3d; of cells, refers to more than one 
cell, preferably, many cells. In a preferred usage, a population of cells results from the 
5 expansion of similar, or preferably identical cells. 

The term "significant percentage", when used herein to describe the percentage of cells 
expressing TH in a population of neural cells, refers to a percentage that is higher than that 
percentage resulting from the methods of the prior art. 

The term "substantial percentage", when used herein to describe the percentage of cells 
10 expressing TH in a population of neural cells, refers to a percentage that is higher than that 
percentage faulting from tlie methods of the prior art described herein. 

The term "improved percentage", when used herein to describe the percentage of cells 
expressing TH in a population of neural cells, refers to a percentage which exceeds that 
percentage of cells expressing TH in a population of neural cells resulting from the spontaneous 
15 differentiation of CNS cells upon removal of growth factors. 

The term "base line percentage" when used herein, describes the percentage of cells 
expressing TH in a population of neural cells resulting from the spontaneous differentiation of 
CNS cells upon removal of growth factors. The term is preferably used with a numerical 
modifier, for example, "twice the base line percentage" or, in general, any multiplier that 
20 exceeds one (i.e., 1.1, 1.5, 2.0 etc.). 

The term "catecholamine-related deficiency" as used herein is any physical or mental 
condition that is associated with or attributed to an abnormal level of a catecholamine such as 
dopamine. This abnormal level may be restricted to a particular region of the mammal's brain 

(i.e. midbrain) or adrenal gland. A catecholamine deficiency can be associated with disease 
25 states such as Parkinson's disease, manic depression, and schizophrenia, ii addition, 
catecholamine-rdated deficiencies can be identified using dinical diagnostic procednrra. 

The term "tyrosine hydroxylase-ielated deficiency" as used herein is any physical or 
mental condition that either is associated with underproduction or abnormal production of 

tyrosine hydroxylase or could be managed or treated by tyrosine hydroxylase expression. TH 
30 deficiencies may be associated with disease states such as, for example, Parkinson's disease. 
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One embodiment of this invention is directed towards a method for producing a 
population of neural cdls in vitro wherein a significant percentage of the cells in the population 
express tyrosine hydroxylase. This method comprises introducing a population of expanded 
and plated neural progenitor cells to a defined culture medium, wherein the culture medium 
5 comprises: (1) one or more growth factors belonging to the Fibroblast Growth Factor (FGF) 
family; (2) a molecule which results in the activation of cycHc AMP (cAMP) dependent protein 
kinase (PKA); and (3) an agent which activates Protein Kinase C (PKC). 

Another embodiment of this invention is directed towards a method for producing a 

population of nexiral cells in vitro wherein a percentage of the cells of the population express 
10 tyrosine hydroxylase, the method comprising the following steps: 

(a) expanding a population of neural progenitor cells; 

(b) plating the population of neural progenitor ceUs on a substrate; and 

(c) introducing the population of neural progenitor ceUs to a defined culture medium, said 
culture medium comprising: 

15 (i) one or more growth factors belonging to the FGF family; 

(ii) a molecule which gives an increase m intracellular cAMP; and 

(iii) an agent that stimulates PKC. 

In one embodiment of the method of this invention, a significant percentage of the ceUs 
in the population of produced neural cells express tyrosine hydroxylase. 

20 hi another embodiment of the method of this invention, a substantial percentage of the 

cells in the population of produced neural cells express tyrosine hydroxylase. 

M another embodiment of the method of this mvenrion, an unproved percentage of the 
cells in the population of produced neural cells express tyrosine hydroxylase. 

In another embodunent of the method of this invention, the percentage of the cells m 
25 the population of produced neural cells expressing tyrosine hydroxylase is equal to (n times the 
base line percentage) where n is greater than one and (n times the base line percentage) does 
not exceed 100. In a preferred embodunent n is between 2 and 5. hi another preferred 
embodiment, n is between 5 and 10. In another preferred embodiment, n is between 10 and 25. 
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la anotha: prrferred embodiment, n is between 25 and 500, In another embodiment, n 
is greater than 500. The base line percentage is typically in the order of magnitude 0.1% or less. 

In anotiier embodiment of the method of tills invention, the percentage of the cells in 
the population of produced neural cells expressing tyrosine hydroxylase is greater than zero 
5 when the baseline percentage is zero. 

In a preferred embodiment, the neural progenitor celk are expanded by immortalization 

through genetic modification. 

In a preferred embodiment, the growth fector is selected from the group consisting of 
EGF, bEGF/FGF2, LJF, and CNTF, or a combination thereof. 

10 In a preferred embodiment, the substrate is selected from the group consisting of VUL, 

PDL, PON, laminin, fibronectui and collagen, or a combination thereof. 

la a preferred embodiment, the substrate contains PLL and laminin or PLL and 
fibronectin. 

Itt a preferred embodiment, the defined culture medium is DMEM-F12 supplemented 
15 withN2orB27. 

In a preferred embodiment, the growth factor belonging to the FGF family is selected 
fiiom the group consisting of aFGF/FGF-1, bFGF/FGF2, PGF4, and FOF8, or oombinatiQns 
thereof, preferably aFGF/FGF-1 and bFGF/FGF2. Preferably, tiie concentration of the growth 
factor belonging to the FGF family in the culture medium is from 1 to 500 ng/mi, more 
20 preferably from 10 to 200 ng/ml. When more than one compound is used, each compound is 
used in the before mentioned concentration. 

Iq a preferred embodiment, the molecule that gives an increase in intracellular cAMP is 
selected from die group consisting of dbcAMP, IBMX, forskolin, 8-BrcAMP, and CPT cAMP, 
or combinations thereof. 

25 In a preferred embodiment, the molecule that gives an increase in intracellular cAMP is 

a combination of forskolin and dbcAMP. Preferably, the concentration of the molecule that 
gives an increase in intracellular camp in the culture medium is from 10 to 1000 [iM, more 
preferably from 10 to 200 jjM. When more than one compound is used, each compound is used 
in the before moitioned concentration. 
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In a preferred embodiment, the agent stimulating PKC is selected from the group 
consisting of TPA, DPT, DPP; bryostatin 1 and mezeredn, or combinations thereof, preferably 
TPA. Preferably, the concentration of the agent stimulating PKC in the cultoie medium is JErom 
50 to 200 pM, more preferably from 75 to 150 yM. "When more than one compound is used, 
5 each compound is used in the before mentioned concentratipn. 

a preferred embodiment, the culture mediran further comprises a factor which 
improves the survival or matdratioh of the TH expressing neurons. 

lix a preferred embodiment, the survival or matocation factor is selected from the group 
consisting of: GDNF Family (GDNF; NTN; ART/NBN); Neurotrophins (BDNF; NT4/5; NGF); 
10 Insulins (IGF-I, IGF-II, insulin); and Interleukins (IL-la; IL-IP); or combinations thereof. 

& a preferred embodiment, the percentage of tyrosine hydroxylase expressing cells is 
significantly increased by further addition of Shh. 

In a preferred embodiment, the percentage of the produced cell population expressing 
tyrosine hydroxylase is greater than 1%, more preferably greater than 2%, more preferably 
15 greater than 3%, more preferably greater than 4%, more preferably greater dian 5%, more 
preferably greater than 6%, more preferably greatei: than 7%, more preferably greater than 8%, 
more preferably greater than 9%, more preferably greater than 10%, more preferably greater 
than 1 l%i and most preferably greater than 12%. 

In a preferred embodiment, TH expressing neurons are also inomunoreactive for AADC. 

20 in a preferred embodiment, the TH expressmg neurons do not express DBH. 

In a preferred embodiment, the neural progenitor cells are selected from the group 
consisting of adult human CNS cells; adult rodent CNS cells; human embryonic cells; human 
fetal cells; human embryonic or fetal forebrain cells; and embryonic stem cdls. 

la another embodiment, the invoition is directed towards compositions produced 

25 according to the method described herein. 

in a preferred embodiment, the con^osition is produced through trypsinization and 
seeding of the TH expressing cells. 

hi another embodiment, the invention is directed towards a method for treating a 
mammal with a tyrosine hydroxylase-related deficiaicy, such as a disease state of the central 
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nervous system, e.g. Parkinson's disease, comprising administering the composition of this 
invention diiectly into the CNS of the mammal, e.g. by transplantation. 

The present invention furiiier relates to a culture medium comprising 

(a) one or more growth factors belonging to the Fibroblast Growth Factor (FGF) 
5 femily; 

(b) a molecule which results m the activation of cyclic AMP (cAMP) dependent 
protdn kinase (PKA); and 

(c) an agent that activates Protein Kinase C (PKC). 

The pr^ent invention further relates to the use of the composition accordmg of the 
10 invention for dmg screening. The drug may e.g. be screened for a desired effect on TH 
expressing cells, such as enhancement of cell survival, uicrease in TH expression, etc. The 
present mvention fiirther relates to the use of the composition according to the invention for 
gene expression analysis. Such analysis may e.g. have the purpose of investigating the gene 
expression profile during neural progenitor cell differentiation or the gene expression profile of 
15 the differentiated cell. 

Furthermore, the present invention relates to the use of the composition according to the 
invention for producing antibodies against TH expressing cells. Such antibodies may e.g. be 
used for screening, identification, isolation and/or cell sorting of biological samples for TH 
expressing cells. 

20 The invention furtha: relates to the use of the composition according to the invention 

for investigating the biochemistry and molecular mechanisms of neural progenitor cell 
differentiation, for example for identifying compounds or genes involved in the induction of 
progenitor cdl differentiation. 

Also, the invention relates to a composition according to the invention for use as a 

25 pharmaceutical for treating a tyrosine hydroxylasenrelated deficiency. 

Finally, the invention relates to the use of a composition according to the invention for the 
manufacture of a pharmaceutical for treating a disease state of the central nervous systent 
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Defined cnltare medium 

A defined culture medium contains a variety of essential components required for cdl 
viability, including inorganic salts, carbohydrates, honnones, essential amino acids, vitamins, 
and the lite. Preferably, DMEM or F-12 are used as the standard culture medium, most 

5 preferably a 50/50 mixttire of DMEM and F-12. Both media and a mixture aire commercially 
available (DMEM-Gibco/LifenTechnologies 61965-026; F-12-Gibco/ lifeTechnologies 
31765-027; DMEM/F12 (1:1) - Gibco/UfeTechnologies 31331-028). A supplement 
supporting the survival of neural cells in serum-free medium is added to the medium, 
preferably N2 or B27 supplement. N2 supplement is commercially available 

10 (N2-CSbco/LifeTechnologles 17502-048) and contams iBSuIin 5 iig/ml, transferrin 100 lag/ml, 
progesterone 6.3 ng/mi, putrescine 16.1 1 jig/ml and selenite 5.2 ng/ml. B27 supplement is 
commercially available (B27-Gibco/ LifeTechnologies 17504-044) and is a proprietary 
modification of Brewer's B18 formulation (Brewer, 1989; Brain Res. 494:65). Preferably, the 
conditions for culturing should be as dose to physiological as possible. The pH of the culture 

15 medium is typically between 6-8, preferably about 7, most preferably about 7.4. Cells are 
typically cultured between 30-40°C, preferably between 32-38°C, most preferably between 
35-37''C. Cells are preferably grown in 5% CO2. 

Substrata 

Plating neurosphere cultures on a charged substrate like polyomithine (PON) allows a 
20 significant fi:action (10-50%) of the cells to become neurons (Carpenter et aL, 1999; Ostenfeld 
et at, Exp Neurol 2000 Jul; 164(1): 215-26). Signals derived firom the extracellular matrix 
have significant influences on neuron differentialion and developmeat In the present 
invention, a mixture of poly-L-Lysine (PLL) and laminin is used as a substrate for the oeUs, as 
lamiTiin is known to promote firm attachment and extensive neurite outgrowth in many 
25 neuronal cell cultures (Poltorak et cd., Exp Neurol 1992 Aug; 117(2): 176-84; Emsbetger and 
Rohrer, Dev Biol 1988 Apr; 126(2): 420-32; Savettieti et aL, Cell Mol Neurobiol 1998 Aug; 
1 8(4): 369-78). Rirthermore> cells are seeded as small sphoss which are formed in 
proliferation medium 5-7 days after dissociation to single cdls. When the cell suspension is 
seeded on suitable substrate and mitogens omitted from the medium, within 10 hours P-tubuUu 
30 positive ceUs can be observed on top of cells with glial morphology of which some are 
migrating out fi:om the core of the sphere. Likewise, TH-expressing cells are observed very 



wo 02/086106 PCT/DK02/00262 

early after plating for differentiation. In contrast, dissociation of the spha:es to single cell 
suspension only r^iilt in no or very few TH positive neurons and only at high ceU density. 
Hiis suggests that preservation of cell-ceU contact is important and is consistent with the 

observation of high numbers of TH immunoreactive cells in patches within the culture. The 
5 need for cell-ceU interaction may be explained by the possibility that many of the effects of the 
inducing factors are mediated through the glial cells present in the culture. Li addition to PON 
and PLL, poly-D-lysine (PDL) may be used as a charged substrate. PDL, by vutue of its 
stereoisomerism cannot be metabolized by the cells. 

Laminin is an example of an extracellular matris protein. Other examples include 
10 fibronectin, tenascin, janusin, and collagen. These have been associated with the maintenance 
and differentiation of neurons in vitro (Lochter, Eur J Neurosci 1994 Apr 1; 6(4): 597-606) and 
could also be used in the diEferentiation of the cells of this invention. 

Growth factors belonging to the Fibroblast growth factor (PGF) femily have beeo found 
to be important in the development of dopaminergic neurons. These include aPGFyPGF-l, 
15 bFGF/FGF2, FGF4, FGP8. 

Molecules which gives rise to an increase in intracellular cyclic AMP (cAMP) include 
3-isobutyl-l-methylxanthine (EBMX), forskolin, and cAMP derivatives; 8-bromo-cAMP 
(Sbr-cAMP), 8-(4-chlorDphenylthio)-cAMP (CPT-cAMP), N*,2'-0-dibutyiylcAMP 
(dbt-cAMP). The effects of increasing intracellular cAMP have been attributed to activation of 
20 cAMP-dependent protein kmase (PKA) (Frodin, J Biol Chem 1994 Feb 25; 269(8): 6207-14). 

Activators of protein kinase C (PKC) include the phorbol esters; 12-0- 
tetradecanoylphorboH3-acetate(TPA), 12-deoxyphorbol-13-tetradecanoate (DPT) 
12-deoxyphorbol-13-phenylacetate (DPP); biyostatin 1 and mezerein (Hugaet, Eur J Pharmacol 
2000 Dec 20; 410(1): 69-81), 

25 Factors which rn^rove the survival and maturation of the TH expressing neurons may 

also be added to the culture medium. These factors include members of the Glial cell-line 
Derived Neurotrophic Factor (GDNF) family; GDNF; Neurturin (NTN); Artemin/Neublastin 
(ART/NBN); Neurotrophins; Brain Derived Neurotrophic Factor (BDNF); Neurotrophic 
Factors (NT4/5); Nerve Growth Factor (NGF); SisuMns (IGF-I, IGF-D, msulin); Interleukins 

30 (IL-la;IL-ip). 
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Sonic hedgehog (Shh), a developmental signaling protein beHeved to be involved in the 
developnoyent and survival of dopaminergic cells. It has recently been reported that the 
expression of TH in the developing loidbraiii is mediated by the synergy of FGF8 and Shh (Ye, 
Ceil. 1998 May 29; 93(5): 755-66). More recently attempts use this combination in vitro 
5 induced TH expression in fewer than 2% of ISTn/hNT cells. (lacovitti, Exp Nairol 2001 May; 
169(1): 36-43). 

The neural cells of this invention have numerous uses, including for drug screening, 
diagnostics, genomics and transplantation. Hie cells of this invraition may be ttansplanted 
"naked" into patients according to conventional techniques, into the CNS, as described for 

10 example, in U.S. Pat. Nos.. 5,082,670 and 5,61 8,531 , each incorporated herein by reference, or 
into any other suitable site in the body, hi one embodiment of tlie present invention, the 
cultures containing TH-expressing cells are transplanted directly into the CNS. Parenchymal 
and intrathecal sites are contemplated. It wiU be appreciated that the exact location in the CNS 
Will vary according to the disease state. The cells may also be encapsulated and used to deliver 

15 biologically active molecules, according to known encapsulation technologies (see, e.g., U.S. 
Pat, Nos. 4,352,883; 4,353,888; and 5,084,350, each uicorporated herein by reference). 

Tiie following examples are provided for illustrative purposes only, and are not intended 
to limit the scope of the claims in any way. 

20 EXAMPLES 

Example 1 Induction of TH immunoreacttvity in growth factor 

EXPANDED HUMAN FOKEBRAIN CULTURES 

Cultures of human neural progenitors established from human fetal forebrain expanded 
in N2 medium supplemented with EGF/bKjF/LIF or EGR^FGF/CNTF as indicated were 
25 mechanically passaged and maintained in expansion medium for 5-7 days. The small spheres 

were then plated on glass coversUps coated with poly-L-lysine (PLL, 100 |ig/ml) and laminin 
(50 !ig/ml) at a cell density of 100.000 cells/cm^in N2 medium containing 1% FBS for "default 
differentiation" orin N2 medium supplemented with aFGF (100 ng/ml), BDNF (50 ng/ml), 
forskohn (25 pM), DA (10 |iiM), TPA (100 nM), dbcAMP (lOO jjM),,GDNF (20 ng/ml), IGH 
30 (100 ng/ml), JL-la (200 pg/ml). N2 medium consists of DMEM:F12 (1:1) supplemented with 
N2 (insulin, transferrin, selaiium, progesterone and putrescine), 0.6% glucose and 5 mM 
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HEPES. After 3 days incubation, cells were fixed in 4% paraformaldehyde in PBS for 20 min 
at room temperature. The cells were washed three times with PBS, followed by overnight 
incubation with primary antibody (rabbit anti-TH, PeOFreez 1:100 or Chemicon 1:800) diluted 

in PBS incubation buffer which contained 10% normal goat serum, 0.3% Triton X-100 
5 (Sigma) and 1% BSA at 4°C in a humidified chamber. The ceUs were washed with PBS, and 
incubated for 1 hr at room temperature in the dark with secondary antibody (anti-rabbit Cy3, 
(Chemicon 1:500) diluted in incubation bujBfer. After washing with PBS, nuclei were 
countecstained with DAPI or Hoechst 33342. Negative controls (omission of the primary 
antibody) were included in each experiment. 

10 To quantify the percentage of TH cells, cells were counted m at least three fields from 

three to six independent coversUps randomly chosen using a 20x objective. The number of 
TH-immunoreactLve cells in each field was counted. The total cell number was obtamed by 
counting nudd counterstained with DAPI or Hoechst 33342. 

No TH positive cells could be detected in the "default differentiated" cultures. In 
15 contrast, approximately 4-10% of the cells became immunoieactive to TH after 3 days. As 
seen in Table I, passaging of the cultures had no significant effect on the efficiency of TH 
induction as the number of TH positive neurons generated in a culture after 28 passages was 
similar as in a culture only passaged for 2 times. Although, a much more efficient expansion of 
culmres was achieved in medium containing UF or CNIF, the presoice of these growth factors 
20 during expansion was dispensable for induction of TH positive cells. In a culture expanded in 
bFGF/EGF, 8.69 ± 1 .12% TH positive cells were observed as compared with a parallel culture 
established from the same case in bFGF/EGF/LF 9,85 ± 1.23%. Rirthermore, the ability to 
induce TH expression seems to be a general phenomenon of human neural progenitoi/stem cell 
cultures generated fiom different regions including cortex and subcortex and is not 
25 developmentaUy depaident as TH induction was observed in cultures generated from tissue of 
different gestational ages from 6 to 10 weeks (data not shown). Many of the TH positive cells 
showed the neuronal bipolar morphology seen in HG. 1 (lower picture). 
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TABLE 1 


Cell cultures TH-induced 3 days 


%TH 


10FBr9904i9 P2EGiybFGF/Lff 


4.7 ± 0.2 


9FBroooi26P28 EGF/bFGF/UF 


4.2 ±0^ 


9EBroooi26Pll EGF/bFGF/LEF 


4.8 ±0.1 


lOEBrgsioia P24 EGF/bFGF/CNTF 


4.1 ± 0.5 



Example 2 Importance of Substrate 

Human neural progesnitor cultures esxpanded in bFGF and CNTF (1 1 .5 wCTX 001 115 
5 cells) or in EGF, bFGF and UF (1 0wHFBr99101 3) were seeded after trituration or as smaU 
spheres on 12 mm coverslip coated with diffesrent substrates at a cell density of 200,000/weU in 
N2 medium containing the TH inductive factors described in Example 1. The different 
substrate tested was: Poly-L-Omithine (PLO, 100 ^g/ml); PLL (100 iig/ml); PLL combined 
with lamimin (as above); and PLL (100 ng/ml) combined with fibronectin (50 ng/M). After 
10 incubation for 3 days, cells were fixed hi 4% PFA and uiimunostained for TH as described m 
Example 1. 

TH positive cells were seen on all substrates, although cells (10 wHFBi991013 sphere) 
plated onto Poly-L-Omithuie (PLO) or PLL alone did not migrate welL No difference of TH 
mduction was seen between the cells plated onto PLL/laminin and PLL/fibronectin. Likewise, 
15 quantification indicated that a similar number of TH positive cells were induced on 
PLUfibronectm and PLL/laminin from the 1 1.5CTX001 115 cells: 

PUL/fibronectm 10.6822% 
PLUlammin 10.6845% 

Example 3 Importance of tede various factors for TH induction 

20 Human neural progenitor cells expanded in EGF/bFGF/LIF (991013FBr) cells were 

seeded as snail spheres (5 days after trituration to smgle cell suspension) on PLL/laminin 
coated 12 mm coverslips at a cell density of 100.000 cdls/cm^ in N2 medium containing 
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different combinations of the factors described in Example 1. After incubation for 3 days, cells 
were fixed in 4% PFA and inmmnostained for TH as described in Example 1. 

The results of these experiments indicated that: 

1) If Forskolin, dbcAMP or TPA are omitted from the cocktail described in Example 1, 
5 significantly fewer TH inunmioaBactive cells are observed Table 2); 

2 ) Same numbers of TH positive cells with a similar moiphology as observed with the 
cocktail described in Example 1 can be induced with a cocktail consisting of aFGF (100 
ng/mi), Forskolin (25 iaM), dbcAMP (100 iiM) and TPA (100 nM) (Table 2, Figure 2); 

3 ) Omitting one of the following factors did not affect induction of TH positive cells: 
10 BDNF, IGF-I, GDNF, dopamine and IL-la. Rgure 1 shows a culture induced to 

express TH in the absence of dopamine; and 

4) FGF-l/aFGF may be replaced with FGF-2/bFGF in die same concentration (100 ng/ml) 
without any effect on numbers or morphology of TH immunoreactive cells 



TABLE 2 


Factors 


%TH 


Standard* 


9.43 ± 0.39 


Standard without Forskolin 


5.18 ±0.4^ 


Standard without dbcAMP 


5.30 ±0.88 


Standard without Forskolin/dbcAMP 


3.86 ±0.30 


Standard without TPA 


0.61 + 0.21 


aFGF, Forskolin, dbcAMP, TPA 


8.69 ± 0.45 



* aFGF (100 ng/ral), BDNF (50 ng/ral), forskolin (25 [iM), TPA (100 nM), dbcAMP 
15 (100 MM), GDNF (20 ng/nd), IGFI (100 ng/ml), IL-lct (200 pg/ml) 



Example 4 Additional factors may fcjrther increase tbde number of TH 

POSITIVE CELLS 

Human neural progenitor cells were seeded as small spheres (5 days after trimratiQa to 
single cell suspension) on PLL/laminin coated 12 mm coverslips at a cell density of 100.000 
20 cels/cm^in N2 medium containing aFGF (100 ng/nil), forskoUn (25 \M), DA (10 |iM), TPA 
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(100 nM), dbcAMP (100 nM), GDNF (20 ng/ml), IGM (100 ngfMX IL-loc (200 pg/ml) (smaU 
cocktail) or aFGF (100 ng/mi), forskoUn (25 ^iM), DA (10 ^iM), TPA (100 nM), dbcAMP (100 
im, GDNF (20 ng/ml), IGEI (100 ng/ml), IL-la (200 pg/ml), FGFSb (100 ng/ml) and SHH 
(100 ng/ml) (big cocktail). After incubation for 3 days, cells were fixed in 4% PFA and 
5 immunostained for TH as described in Example 1 , 

A statistically significant increase (25%) in the number of TH positive neurons was 

observed after addition of SHH and FGF-8b to the small cocktail: 

% TH positive cells in cultures treated with the small cocktail: 9.974+1,198 
% TH positive cells in cultures treated with the big cocktail: 12.938 ± 1.198. 

10 Examples Time course of TH induction 

Human neural progenitor cells expanded in EGF/bFGF/UF (991013FBr) cells were 
seeded as small spheres (5 days after trituration to single cell suspension) on PLUlaminin 
coated 12 mm coverslips at a cell density of 100.000 cells/cm^ in N2 medium containing the 

factors described in Example 1 except that dopamine was omitted from the cocktail. Parallel 
15 cultures were incubated for 1-7 days. Half of the medium was changed every other day. 

As seen in FIG. 3, maximal TH mductioo was achieved already after 1 day of ejsposute 
to the TH cocktail and sustained for at least 7 days. Although there were no increase in 
imnibers, maturation of the TH positive cells towards a more differentiated neuronal phenotype 
with longer processes was observed after 3 and 7 days of TH induction. 

20 Example 6 Stability of the THposmvE phenotype 

Human neural progenitor cells expanded in EGF/bFGF/IIF (991013FBr) ceUs were 
seeded as small spheres (5 days after trituration to single cell suspension) on PLL/laminin 
coated 12 mm coverslips at a cell density of 100.000 cells/cm^ in N2 medium containing the 
factors described in Example 1 except that dopamine was omitted from the cocktail. After 
25 incubation for 3 days, the induction medium was removed and N2 medium supplemented with 
1) GDNF, 2) GDNF + IGF-1, 3) 1% FBS + GDNF, 4) 1% FBS, 5) IGF-1, 6) no additions or 7) 
firesh TH-induction medium wa:e added to parallel TH induced cultures. After additional three 
days of culturing, cells were fixed and stained for TH as described in Example 1. 
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It was possible to find TH-positive cells after changing to all the media described 
above. TH-positive cells displaying long, elaborate processes were even observed in seacum free 
medium wilJiout any additions as seen in HG. 4. 

In another experiment, cells were seeded for TH induction in Tas flasks at a cell density 
5 of 100.000 cells/cm^. After exposure to induction medium described in Example 1 but without 
dopanaine for 3 days, the induction medium was removed and cells were washed with PBS 
(without Ca^^ and Mg*). Then Trypsin-EDTA (0.05% Trypsin, 0.53 mM EDTA life 
Technologies 25300-054), and cells were incubated for 5 minutes at 37°C. The fiasik was 
tapped manually to loosen the cells ft'om the surface. The trypsin was inactivated by adding 
10 N2-medium with 10% FBS and the cells collected by centrifugation for 5 minutes at 1500 rpm. 
Then the cells were replated onto PLL-lysine/laminin coated coverslips in N2 medium witti or 
without different additives. After additional three days of culturing, cells were fixed and 
stained for TH. Cells exposed to induction medium without replating for 6 days were included 
as positive controls. 

15 It was possible to find TH-positive cells in all the seven dififerent media including N2 

medium without additions. In one experiment, 3.6% TH-positive ceUs were observed after 
replating in induction medium, 3.0% TH-positive cells replated in medium with no additions, 
and 1 .5% TH-positive cells replated m medium with 1 % FBS. 

Thus, flie induction of TH is stable and the TH positive cells survive trypsinization and 
20 replating m medium without TH inductive factors. 

Example? FijRTHERCHARAonBiazATiONOFTH-lNDUcaEDaEL!:^ 

Cultures of human neural progenitor cells expanded in bFGF/EGF/LlF 

(10wFBr991013) were seeded in 100-inin dishes coated with PLlTlaniinin as smaU. spheres (5 
days after trituration to single cell suspension) at a cell density of 100,000/cm^ in N2 medium 

25 containing TH induction factors, as described in Example 1, except that dopamine was omitted 
from the cocktail. Half of the medium was changed every othar day. After 7 days incubation 
in TH induction medium, total RNA was prepared using Trizol according to the manufacturers 
protocol (Gibco-BRL). After treatinent with DNase, total RNA was reverse tianscribed mto 
cDNA with Superscript II RNase H using random hexamer primers (Amearsham Pharmacia) 

30 according to the manufacturers instructions (Gibco-BRL). The PGR reactions were carried out 
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in a 15-|al volume contaimng 0.5 miit of Taq polymerase (Amersham Pharmacia), 50 vcM 
Tris-HCl, pH 7.5, 50 mM KCl, 1 .5 mM MgClj, 10 pmol of specijEc primer, 200 |iM of each of 
the dNTPs, and RT product equivalent to 125 ng total RNA. The PGR was run for 25-35 
cycles and the thermal profile used following a pre-denaturation step at 94°C for 5 min were 
5 specific for the individual primer sets. 

Primers: 

m : 5' GCCCCGACCTGGAGTACTT3' and 5'GCGTGGCGTATACCTCCTTC3' 
(94°C 30" ; 5TC 30"; 72''C 30") resulting in a product of 344 bp 

AADC: 5' CGGCATTGGCAGATACCACT 3' and 5' ATTCCACCGTGCGAGAACAG 

10 3' (94°C 30" ; 53°C 30"; 72°C 30' ') resulting in a product of 331 bp 

DBH: 5' CACGTACTGGTGCTACATTAAGGAGC 3' and 

5' AATGGCCATCACTGGCGTGTACACC 3' (94^0 30"; 68*^: 30"; 72°C 
30") r^ulting in a product of 440 bp 

The PGR products were separated on a 2% agarose gel and visualized by ethidium bromide. 

15 As seen in HG. 5 (Panels A-C), by using cDNA generated by reverse transcription of 

RNA extracted from cells that had been incubated for 7 days under conditions inducing TH 
immunoreactivity, PGR products of the expected sizes could be amplified vvith primers specific 
for TH and AADC but not DBH cDNA. These results are consistent with the presence of cells 
in the TH induced cultures expressing mRNA encoding dopaminergic rather than 

20 noradrraiergic/adrenergic enzymatic m^er proteins. 

Example 8 Detection of AADC bvimcnoreactivity in TH-induced 

CULTURES 

Human neural progenitor ceUs expanded in EGF/bFGF/UF (991013FBr) cells were 
seeded as small spheres (5 days after trituration to single cell suspension) on PLL/laminin 

25 coated 12 mm coverslp at a cell density of 100,000/cm^ in N2 medium contaimng the fectors 
described in Example 1 , except that dopamine was oimitted from the cocktail. Aftea: incubation 
for 7 days, cells were fixed in 4% PFA and immunostained for AADC as described in Example 
1, except that a rabbit anti-AADC antibody (Chemicon) diluted 1:2000 was used as primary 
antibody. As seen in FIG. 6, cells staining brightly for AADC were observed m the TH 

30 induced cultures supporting the expression data obtained in Example 7. 
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Example 9 Induction of THiMMmoKEACTrviTY in a human 

PROGENITOR CELL LINE IMMORTALIZED WITH V-MYC 

HNSC.lOO cdls were grown in DMEM:F12 medium supplemented N2, 1% BSA, 20 
ng/ml EGF and 20 ng/ml bFGF as adherait cultures in PLL (10 {ig/ml) coated TC flasks. For 

5 seeding on glass coversUps coated with PLL (50 ng/ml) and laminin (25 lag/ml), cells were 
trypsinized and plated at a cell density of 25,000 cells/cm^ in differentiation medium (growth 
medium without EGF and bFGF) with or without the following additions: aFGF (100 ng/ml), 
BDNF (50 ng/ml), forskoHn (25 |iM), TPA (100 nM), dbcAMP (100 \M), GDNF (20 ng/ml), 
IGH (100 ng/ml), IL-la (200 pg/ml). After 1 day, cells were fixed and stained for IH as 

10 described in Example 1. The result of this experiment shown in HG. 7 demonstrate that also a 
human neural progeoitor ceil line immortalized with v-myc can be induced to geneiatfc cells 
staining brightly for TH immunoreactivily, when exposed to the combination of growth factors 
and signaling molecules described in the exan^le. In contrast, a control culture incubated 
without the fectors added, no TH positive neurons could be found (data not shown). 

15 Equivalents 

From the foregoing detailed description of the specific eihbodiments of the invention, it 
should be apparent that unique methods and compositions have been described. Althou^ 
particular embodiments have been disclosed herein in detail, this has been done by way of 
example for purposes of illustration only, and is not intended to be limiting with respect to the 

20 scope of the appended claims that follow. In particular, it is conten^lated by the inventor that 
various substitutions, alterations, and modifications may be made to the invention without 
departhig ftom the spirit and scope of the invattion £^ defined by the claims. For instance, the 
choice of the particular cell, substrate, or the particular factors used is believed to be a mattea: of 
routine for a peison of ordinary skill in the art with knowledge of the embodiments described 

25 herein. 
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A method for producing a populadon of neural cells in vitro wherein a percentage of the 
cells of the population express tyrosine hydroxylase (TH), the method comprising the 

following steps: 

(a) expanding a population of neural progenitor cells; 

(b) plating the population of neural progoiitor cells on a substrate; and 

(c) introducing the population of neural progenitor cells to a defined culture 
medium, said culture medium conpdsing: 

(i) one or more growth factors belonging to the fibroblast growth factor 
(FGF) family; 

(ii) a molecule which gives an increase in intracellular cyclic AMP (camp); 
and 

(iii) an agent that stimulates protein kinase C (PKC). 

A method for producing a population of neural cells in vitro wherein a significant 
percentage of the cells in the population express tyrosine hydroxylase, the method 
comprising introducing a population of expanded and plated neural progenitor ceils to 
a defined culmre medium, wherein said culture medixmi comprises: 

(a) one or more growth factors belonging to the Fibroblast Growth Factor (FGF) 
family; 

(b) a molecule which results in the activation of cyclic AMP (cAMP) dependent 
protein kinase (PKA); and 

(c) an agent that activates Protein Kinase C (PKC). 

The method of claim 1 or 2, wherein the neural progenitor cells are expanded using at 
least one growth factor. 



4. 

30 



the method of claim 1 or 2, wherein the neural progenitor cells are expanded by 
immortalization through genetic modification. 
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5. The method of claim 3 whesrdn the growth factor is selected firam the group consisting 
of epidermal growth factor (EGF), basic fibroblast growth fadior (bEGF), fitwoblast 
growth factor -2 (FGF2), Leukemia Inhibitory Factor (OP), and Ciliary Neurotropic 
Factor (CNTF), or a combination thesreof. 

5 

6. The method of claim 1 or 2, wherein the substrate is selected from the group consisting 
of Poly-L- Lysine (PLL), Poly-D-Lysine(PDL), poly-omithitie (PON), laminin, 
fibronectin and collagen, or a combination thereof. 

10 7. The method of claim 6 wherdn the substrate contains PLL and laounm or PLL and 
fibronectin. 

8. The method of daim 1 or 2 wherein the defined culture medinm is Dulbecco modified 
eagles medium F-12 (DMEM-F12) supplemented with N2 or B27. 

15 

9. The method of claim 1 or 2 wherein the growth factor beionguig to the FGF family is 
selected from the group consisting of aFGF/FGF-l, bFGF/FGF2, FGF4, and FGF8, or 

combinations thereof. 

20 10. The method of claim 1 or 2, wherein the molecule which gives an increase in 

intracellular cAMP is selected from the group consisting of 2'-o-dibutyryl camp 
(dbtcAMP), S-isobutyl-l-methylxanithine, (IBMX), forskolin, 8-bromo-cAMP 
(8-BrcAMP), and 8-{4-chlo!phenylthio(-cAMP)( CPT camp), or combinations thereof. 

25 11. The method of claita 10, wheredn the molecule that gives an increase in intracellular 
cAMP is a combination of forskolin and dbtcAMP. 

12. The method of claim 1 or 2, wherein the agent stimulating PKC is selected from the 

group consisting of 12-0-tetradecanoylphorbol-13~acetate <TPA), 12-dioxyphorbol-13- 
30 tetradecanoate (DPT), 12-dioxyphorboH3-phenylacetate (DPP); bryostatm 1 and 

mezerein, or combinations thereof. 
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13. The method of claim 1 or 2, wherein the culture medivun further con^prises a factor that 
improves the survival or maturation of the TH expresang neurons. 

14. The method of claim 13, wherein the survival or maturation factor is selected from the 
5 group consisting of gUal cell-line dedved neurotrophic factor (GDNP), Najrotrophins, 

Insulins and hiterleuldns or combinations theieof. 

15. The method of claim 1 or 2, wherein the percentage of tyrosine hydroxylase expressing 
cells is significantly increased by further addition of sonic hedgehog (Shh). 

10 

16. The method of any of claims 1-15, wherein the percentage of the cells in the produced 
cell population expressing tyrosine hydroxylase is greater than 1%. 

17. The method of any of claims 1-15, wherein the percentage of the cells in the produced 
15 ceil population expressing tyrosine hydroxylase is greater than 5%. 

1 8. The method of any of claims 1-15, wherein the percentage of the cells ui the produced 
ceU population expressing tyrosine hydroxylase is greater than 10%. 

20 19, The method of any of claims 1-18, wherein the TH expressing neurons are also 
tmmunoreactive for AADC. 

20. The method of any of claims 1-19, wherein the TH expressing neurons do not express 
DBH. 

25 21 . The method of claim 1 or 2, wherein the percentage is a significant percentage. 

22. The method of claim 1 or 2, wheiein the percentage is a substantial percentage. 

23. The method of claim 1 or 2, wherein the percentage is an improved percentage. 

24. The method of claim 1 or 2, whearein the percaitage is (n times the base-Une 
percentage), wherein n is greater than 1 . 

30 25. The method of claim 24, wherann is 2-5. 

26, The method ofclaim 24, wherein n is 5-10. 
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27. The method of claim 24, wherein n is 10-25. 

28. The method of claim 24, wherein n is 25-500. 

29. The method of any one of clainK 1-28, wherdn the neural progenitor cells are selected 
from the group consisting of: 

(a) adult human central nervous system (CNS) cells; 

(b) adult rodent CNS cells; 

(c) human embiyonic cells; 

(d) human fetal cells; 

(e) human embryonic or fetal forebrain cells; and 
) (f) embryonic stem cells. 

30. A composition produced according to the method of any of claims 1-29. 

31. A method for reseeding the composition according to claim 30 comprising 
trypsinization and seeding of the TH e^qpressing cells. 

32. A method for treating a mammal with a tyrosine hydroxylase-related deficiency, 

5 comprising administering the composition according to claim 30 into the CNS of the 



33. A method for tieating a mammal with a disease state of the central nervous system, 
comprising adtninistering the coni|)osition according to claim 30 into the CNS of the 



20 34. The method of claim 33, wherein the disease state ofthe central nervous system is 
Parkinson's disease. 

33. The method of any one of claims claim 32-34, wherein the adininisteting is 



34. A culture medium comprising 
25 (a) one or more growth factors belonging to ttie Hbrobl^t Growth Factor (FGF) 
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(b) a molecule which results in the activation of cyclic AMP (cAMP) dependent 
protein Mnase (PKA); and 

(c) an agent that activates Protein Kinase C (PKC). 

35. Use of the composition according to claim 30 for drug screening. 

5 36. Use of the composition according to claim 30 for gene expression analysis. 

37. Use of the composition according to claim 30 for producing antibodies against TH 
expressing ceils. 

38. Use of the antibodies produced in claim 37 for screening, identification, isolation and/or 
cell sorting of biological samples for TH expressing cells. 

10 39. Use of the composition according to claim 30 for investigating the biochemistry and 

molecular mechanisms of neural progenitor cell differentiation. 

40. Use according to daim 39, wherein the composition according to daim 30 is used for 
identU^g compounds or genes involved in the induction of progenitor ceJl differentiation. 

41. A composition according to claim 30 for use as a pharmaceutical for treating a tyrosine 
15 hydroxylase-related deficiency. 

42. Use of a composition according to claim 30 for the manufacture of a pharmaceutical for 
treating a disease state of the central nervous system. 
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